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ABSTRACT 
The iron rich portion of the Fe-Ni-Co ternary dia- 
gram (<10% Co, <15% Ni) was redetermined at four tempera- 
tures (800°C, 750°C, 700°C and 6^0°C). The phase bounda- 
ries and tie-lines of the (a+y) phase field were measured 
by analyzing the a and y phases with an electron micro- 
probe.  Samples, whose compositions were located in the 
(a+y) region of the phase diagram, were subjected to two 
different, long term heat treatments at the temperatures 
of interest.  Grain boundary allotrimorphs of the a phase 
were observed in the polished and etched sections of 
samples which were step cooled from the y phase into the 
(a+y) region.  Widmanstatten-type microstructures composed 
of y-precipitates were observed in samples which were di- 
rectly heated from room temperature into the (a+y) region. 
The addition of cobalt to Fe-Ni alloys helps nu- 
cleate the alpha phase on cooling and also shifts the 
a/(a+y) and the (a+y)/y phase boundaries to higher nickel 
contents.  Diffusion controlled phase growth in the ter- 
nary Fe-Ni-Co system has also been investigated. 
INTRODUCTION 
Varying amounts of metallic grains have been observed 
in meteoritic and lunar samples.  Studies have indicated 
that the composition of these metal particles should be 
useful in determining the origin of these samples.  The 
relatively simple chemistry and phase relationship of the 
metallic minerals often make it possible to determine unique 
time-temperature histories for some of these particles. 
For two phase particles this is achieved by measuring the 
interface composition of the phases.  The value measured 
probably represents the frozen in local equilibrium com- 
position corresponding to the most recent heat treatment. 
Estimates of the effective temperature of final equilibra- 
tion are made by comparing the measured interface compo- 
sitions with measured or extrapolated tie-line relation- 
ships in the appropriate equilibrium phase diagram.  Calcu- 
lation of reheating times and cooling rates can be made by 
the use of appropriate diffusion coefficients.  The absence 
of a detailed Fe-Ni-Co phase diagram in the region of 
0-10% Co coupled with the discovery of high Co metallic 
particles in lunar samples provided the rationale for this 
work. 
In order to determine the required portion of the 
Fe-Ni-Co diagram (<10% Co, <15% Ni) alloy compositions 
located in the (a+y) region of the phase diagram were 
homogenized and given long term heat treatments.  The com- 
position of the phases grown as a result of the heat 
treatment were measured with an electron microprobe.  As 
by-products of this study - the microstructures obtained 
upon heat treatment were studied and diffusion controlled 
phase growth in the system was also investigated. 
BACKGROUND 
A.  Use of Fe-Ni-Co phase diagrams for analyzing lunar 
samples: 
The total amount of metallic particles in lunar 
samples is small but ubiquitous.  They are studied exten- 
sively because the relatively simple chemistry and phase 
relationships of the metallic minerals often make it pos- 
sible to determine unique time-temperature histories of 
these particles.  The composition value measured probably 
represents the frozen-in local equilibrium composition 
corresponding to the most recent heat treatment.  Esti- 
mates of the effective temperature of final equilibration 
are made by comparing measured interface compositions with 
measured or extrapolated tie-line relationships in the 
appropriate (e.g., the Fe-Ni-P diagram of Doan and Gold- 
stein if this corresponds most closely to the composition) 
equilibrium diagram.  Calculations of reheating times and 
cooling rates can be made by using appropriate diffusion 
coefficients. 
The absence of a detailed Fe-Ni-Co phase diagram 
in the region 0-10% Co coupled with the presence of the 
high Co metallic particles found in lunar samples pro- 
vided the rationale for this work.  The work of Axon and 
4 
2 
Goldstein  is worthy of special reference as their results 
are of significance for this study.  Goldstein and Axon 
examined particles from the Apollo 15 soils with the help 
of an electron microprobe.  Fig. 1, from their study, is 
a plot of composition of these particles in terms of Co 
and Ni contents.  The single phase particles are marked by 
crosses and the two-phase particles (a+y) either with 
circles or squares.  The Co and Ni contents of coexisting 
a-y phases from the two phase particles are plotted as 
tie-lines.  It can be observed that the alpha phase is 
Ni-poor and Co-rich while the gamma phase is Ni-rich and 
Co-poor.  Fig. 2 (from Reference 2) presents the results 
of an electron microprobe scan across a kamacite (alpha) 
plate.  The trace direction is normal to the a/y boundary. 
It can be observed in Fig. 1 that the slope of the 
tie-line varies with composition.  At higher Co contents 
the slope of the tie line is smaller than it is at the low 
Co contents.  An accurate Fe-Ni-Co diagram is essential 
for calculating the thermal history of the particles stu- 
2 dxed by Goldstein and Axon. 
B.  Diffusion and Precipitate Growth 
Any real understanding of diffusion controlled pre- 
cipitate growth in ternary systems requires a knowledge 
of diffusion controlled phase growth in binary systems. 
In the system studied the atoms of the three elements— 
Fig.   1     Co-Ni  analyses   for Apollo   15  meta'l  particles   (from 
2 Axon and  Goldstein   ). 
i 1      ' i i ~ 
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DISTANCE (MICRONS) 
Fig.   2     Distribution  of Ni  and   Co across   a  kamacite   (a) 
plate.     The   Co     is   enriched   in the a-phase   (Axon 
and Goldstein ) 
Fe, Nl, Co—are approximately the same size and the mode 
of diffusion is substitutional.  Differential equations 
which describe the diffusion process in binary (Fe-Ni) 
and ternary (Fe-Ni-Co) systems will be discussed.  More 
detailed surveys of the subjects discussed are found in 
4-u  1-4.   4.   3-14 the literature 
1. Diffusion in binary systems. 
If an inhomogenous single phase alloy is 
annealed, matter will flow in an effort to reduce the con- 
centration gradient.  For a binary system an equation 
which describes the flux of component   in such a case 
3 
is Fick's first Law 
J2 = -D 
9C2 
8x J (1) 
where J» denotes the flux of component 2 in the x-direction, 
D is the diffusion coefficient and 9cp/9x is the concentra- 
tion gradient of component 2 in the x-direction. 
In practically all cases of metallurgical diffusion 
the concentration at most points is changing with time. 
Although Fick's first Law is still valid under these con- 
ditions, it is more desirable to compute the concentra- 
tion as a function of distance and time.  Using Fick's 
first Law, and a mass balance, a more useful equation can 
3 be derived.  This equation is known as Fick's second Law . 
3c, 
W 
3_ 
3* 
„ 3c. 
D 3x (2) 
The diffusion coefficient D in equations (1) and 
(2) is known to vary with both temperature and composition. 
The temperature dependence is the more important of the 
3 two and tends to follow an empirical activation law  so 
that 
D = Do exp  -|^ (3) 
where Do is the frequency factor, Q is the activation 
energy, R is the universal gas constant and T is the ab- 
solute temperature.  Both the frequency factor and the 
activation energy are independent of temperature. 
Let us now consider phase growth in a binary sys- 
tem.  Referring to Fig.3(a) assume a homogenous alloy com- 
posed of elements 1 and 2 with a bulk composition C  is 
heated into the two phase region of the phase diagram. 
Nucleation of y occurs.  If this alloy is at a temperature 
T., the two phases, a and y  have compositions C1 and C" 
respectively as given by the tie-line on the phase diagram. 
A schematic concentration profile of element 2 across the 
y phase at T, would be of the shape indicated in Fig. 3(b). 
Maintaining the alloy at T, results in growth of y. 
This growth is described by Fick's second Law.  A mass 
balance at the interface determines the magnitude and 
5 
direction of interface motion.  According to Jost  if 
microscopic equilibrium is attained at the interface, the 
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Fig. 3(a). 
Fig. 3(b). 
Schematic drawing of binary phase alloy growth, 
Alloy of bulk composition Co is heated up from 
T  to T, . 
o    1 
Schematic composition profile of element 
across the y-phase at T,. 
interface will move according to the equation 
(C" - C') l£ = -  j" (4) 
at       2. j_ + 
where d£/dt is the rate of movement of the interface and 
J?   the flux of element 2 in the a phase just at the a/y 
interface (Fig. 3(b)). 
2. Diffusion in ternary systems 
Diffusion controlled phase growth in ternary 
systems is much more complex than growth in binary sys- 
tems.  The following discussion will serve to illustrate 
the general types of considerations that must be made to 
treat the ternary phase growth problem. 
Consider an alloy composed of elements 1, 2 and 3. 
Arbitrarily select 1 and 2 as the independent components 
(i.e. consider solutes 1 and 2 in solvent 3).  At tempera- 
ture T  a specimen of uniform composition Clf), C~n is in 
a single phase a„-field.  This specimen is instantaneous- 
ly heated up to a temperature T, for which the composition 
(C,Q, C„0) is in a two phase a+y field.  The problem is 
to investigate the diffusional growth of y precipitate in 
the a^-matrix. 
The problem of diffusion in a multicomponent sys- 
tem was first treated by Onsager  .  For a 3 component sys- 
tem Fick's first Law was shown to be 
3c,       3c~       9c-. 
1    11 9x     12 9x     13 3x 
10 
with similar equations for J~ and J-.. 
However, if the assumption is made that the molar 
volume is not a function of composition 
C, + C2 + C3 = constant (6) 
and 
9C,     3C.     3C9 
—L= L     -     —L (7) 
3x      3x      3x 
Equation 7 can be substituted into equation 5 to 
obtain 
Jl = " Dll !fi - D12 !^i (8) 
3x 3x 
where D^ = D.^ - D13 (9) 
and D^2 = D12 - D13 (10) 
Similarly J2 = -D     1  - D22   2- (11) 
3x 3x 
In the above equation D^ and D22 are measures of 
the influence of the concentration gradient of a given 
3       3 
composition on its own flux, whereas D,„ and D„, reflect 
cross-effects usually referred to as the ternary diffu- 
sion interaction. 
Fick's second law in a three component system, 
assuming ternary diffusion coefficients to be independent 
of composition is 
11 
2 2 
3C1 = D?_ 3 Cl  +  D?  5 C2 (12) 
°X OX 
2 2 
8C2 = D10   3 C2 +  D:L ^1 (13) 
ST"  22 — 21 T2" dx °x 
The mass balances of the a/Y interface for compo- 
nents 1 and 2 are given by 
dC 
± - + TU 
■5 <
ci - CI> -a! -+ JL+  " JL- (14) 
(C"   -   C')    - ~     2 +      2 - U ; (C2   2J  dt       ?       ^ 
The appropriate fluxes are shown in Fig. 4.  The 
two mass balances are related to each other since the rate 
of movement of the interface d£/dt, must be the same for 
each component, i.e. 
az1      d£2  dc3 
-dt = "at = ~dt (16) 
The two mass balances given by equations (14) and (15) can 
only be simultaneously satisfied by the selection of an 
appropriate tie-line and interface velocity.  '  '    Ana- 
lytical techniques involved in determining the position of 
the tie-line have been described by Kirkaldy   and 
13 14 Coates  '  .  These solutions are restricted to isothermal 
12 
i 
c, 
°y i 
I 
DISTANCE 
Co 
DISTANCE 
Ni 
Fig. 4.  Schematic drawing of a ternary phase growth. 
Above - Ternary phase diagram at T,.  Alloy with bulk com- 
position C,0, C„n is indicated by a circle. 
Below - Schematic concentration profiles of elements 1 and 
2 across the gamma precipitate at T,. 
13 
growth and do not consider the effects of impingement. 
18 Recently Randich and Goldstein   have described a numeri- 
cal analysis for non-isothermal diffusion controlled 
growth that does take impingement into account. 
From the above discussion it can be realized that 
in attempting to simultaneously accommodate the interface 
mass-conservation conditions and the local equilibrium 
condition the system responds by adjusting the tie-line 
and the rate of growth of the precipitate.  Thus it is 
possible that for the period of growth prior to the im- 
pingement of diffusion fields from adjacent fields the 
interface tie-line is likely to be removed from the tie- 
line (ETL) through the bulk composition.  Once impingement 
commences and becomes progressively more significant or 
equilibrium occurs the tie-line corresponding to the a-y 
interface shifts towards the tie-line passing through 
(C,Q, C2Q) and becomes coincident with it when the two 
phase (a+y) structure has completely equilibrated, (i.e., 
when no concentration gradients remain in either phase). 
However, prior to complete equilibration the tie-line need 
not pass through the bulk composition. 
While the above discussion has been limited to lat- 
tice diffusion, the general conclusions resulting from it 
apply equally well to precipitates growing by a process 
of grain boundary diffusion.  The numerical solution of 
the :rate of growth and tie-line position of such a 
14 
precipitate would require a great amount of information. 
It would be essential in such a case to know the values of 
the grain boundary diffusion coefficient and also to know 
the relative contributions of grain boundary diffusion and 
lattice diffusion to precipitate growth. 
C.  Previous Research on the Fe-Ni-Co Diagram 
19 Bradley et al.   used x-ray techniques to sketch 
out the general form of the Fe-Ni-Co ternary.  A complete 
equilibrium diagram of a ternary system involves the es- 
tablishment of the position of the phase boundaries at 
19 
a series of temperatures.  Bradley et al.   did not at- 
tempt to do this.  Rather their intention was to make a 
"preliminary and rapid survey of all the various phase 
patterns which may appear."  Their diagram is presented in 
Fig. 5 and it was their contention that it represents a 
section of the equilibrium diagram between 500°C and 700°C. 
20 Koster et al.   determined the ternary phase bound- 
aries at 500°C, 600°C, 700°C and 800°C.  Their diagram is 
20 presented in Fig. 6.  Koster et al.   determined the posi- 
tion of the phase boundaries by utilizing the principles 
of metallographic analysis.  Groups of alloy were heat 
treated and subsequently their structure studied with a 
light microscope.  The phase boundaries were plotted on 
the basis of the observed structure.  The phase boundary 
lies between the composition of an alloy which exhibits a 
15 
IRON ATOMIC % 
Fig. 5.  Fe-Ni-Co ternary as sketched by Bradley et al. 19 
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single phase structure and an adjoining alloy that has a 
two phase structure. 
Considering Fig. 6 it can be observed that Koster 
20 
et al.   did not study any alloy with less than 10% Co. 
Fig. 6 has been plotted by utilizing the Fe-Ni values de- 
21 terrained by Owen and Liu   and joining these to the value 
determined by Koster et al. at the 10% Co level.  Objec- 
tions to the Koster et al. diagram are that the Fe-Ni 
values determined by Owen and Liu are not in agreement 
with the more recent values determined by Goldstein and 
22 Ogilvie  ,   using the electron microprobe.  Also the 
method of phase diagram determination employed by Koster 
20 
et al.   allows only an estimate of the two phase bound- 
ary to be made since the accuracy is limited by the com- 
position differences between the single phase alloy and 
the adjoining two phase alloy.  In addition, tie lines 
were not determined.  Therefore, the diagram is not very 
suitable to the analysis of lunar samples as described in 
the previous section. 
A precise determination of the phase diagram in 
the low Ni (0-15%) and low Co (0-10%) region is the major 
objective of this work. 
18 
PROCEDURES AND EXPERIMENTS 
The purpose of this study was to measure the low 
nickel (0-15% Ni) and the low Co (0-10%) region of the 
Fe-Ni-Co ternary diagram.  The temperature range of in- 
terest was 650°C - 800°C.  Alloy compositions, which lie 
in the two phase alpha plus gamma region at 650-800°C, 
were melted and homogenized.  Two, different, heat treat- 
ments were given to samples of each alloy.  Subsequently, 
the heat treated samples were etched and studied using an 
optical microscope.  The samples were also analyzed with 
the help of an electron microprobe.  Using this instru- 
ment it was possible to quantitatively analyze phase 
greater than about 4 microns in size. 
Details of the alloy selection, preparation and 
heat treatments as well as the techniques used for micro- 
probe analysis and quantitative metallographic analysis 
are contained in this section. 
A. Alloy Selection  and Preparation 
The alloy compositions to be melted were selected 
with the help of the previously sketched Fe-Ni-Co diagram 
20 
of Koster et al.  .  Alloy compositions in the two phase, 
alpha plus gamma, region of the diagram at 650°C, 700°C, 
19 
750°C and 800°C were selected.  The compositions of the 
melt charges for the selected alloys are listed in Table 
I.  Fe, Ni and Co are not volatile and close correspond- 
ence between the composition of the alloy prepared and the 
charge is to be expected.  Confirmation was obtained when 
the composition of the alloys were measured with a micro- 
probe. 
The pure elements used for making the ternary alloys 
were manufactured by Johnson Matthey Chemicals Ltd. and 
were purchased from the United Minerals and Chemicals 
Corporation.  An analysis of the materials by Johnson 
Matthey reported the amounts of impurity (in ppm) indi- 
cated in Table 2.  Analysis of the carbon and nitrogen 
reported in Table 2 was obtained courtesy of the Arizona 
State University Centre for Meteorite Studies. 
The pure elements were obtained in the form of rods 
either 5mm or 3/8 in. in diameter.  In order to make a 
melt, calculated lengths of the rods were cut using either 
a diamond wheel or a jeweler's saw.  The cut pieces were 
weighed carefully and their weights adjusted by grinding 
off excess material.  The total weight of the melt charge 
varied between 7 and 10 grams. 
Melting the Charge:  The apparatus used to melt 
the charge is shown in Fig. 7.  This apparatus is essen- 
23 tially the same as that used by Stan Norkiewicz   in his 
master's thesis at Lehigh.  The only exception is that in 
20 
Table 1 
LIST OF ALLOYS MELTED 
Alloy No. %Fe %Ni %Co 
800°C Alloys 
7 96.5% 2.5% — 
29 96.8% 2.7% 2.5% 
30 91.2% 3.8% 5.0% 
31 87.9% 4.5% 7.6% 
32 85.3% 5.0% 9.7% 
750°C Alloys 
18 
33 
34 
35 
700°C Alloys 
4 
14 
15 
16 
13 
36 
650°C Alloys 
26 
9 
10 
11 
27 
28 
92.5% 5.0% 2.5% 
89.5% 5.5% 5.0% 
86.1% 6.6% 7.5% 
83.3% 6.7% 10.0% 
91.6% 6.6% 1.8% 
87.6% 7.3% 5.1% 
83.9% 8.6% 7.5% 
81.5% 8.5% 10.0% 
75.6% 14.3% 10.1% 
95.1% 4.9% — 
91.7% 8.3% — 
87.5% 10.1% 2.4% 
85.2% 10.0% 4.8% 
82.6% 9.9% 7.5% 
80.4% 10.0% 9.6% 
75.3% 14.7% 10.0% 
21 
Table 2 
TABLE OF IMPURITY LEVELS IN PURE ELEMENTS 
USED IN THIS STUDY (IN PPM.) 
Pure Fe Pure Ni Pure Co 
Nickel - Main Element <3 
Silicon 5 <1 2 
Aluminum - <1 <1 
Calcium - <1 <1 
Chromium - - <1 
Copper 2 2 <1 
Iron Main Element 15 <1 
Magnesium 2 <1 <1 
Silver <1 <1 <1 
Manganese 5 - - 
Carbon 70 ± 3 9±1 10±1 
Nitrogen 200±10 1 .2±0.5 2±0.5 
Cobalt - <1 Main Element 
22 
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Fig.   7.     Apparatus  used   for  alloy preparation 
23 
this study alumina crucibles were used instead of the boron 
nitride crucibles used by Stan Norkiewicz.  The atmosphere 
for the alloy melting was flowing argon-hydrogen gas mix- 
ture (15:1) fed to the melting tube through a gas propor- 
tioner.  A typical flow rate for argon Was 5.2 litres/60 
seconds.  A 30 KW Lepel high frequency generator was used 
to melt the charge.  Prior to turning on the furnace, the 
protective atmosphere was used to flush the system of atmospher- 
ic gases.  The minimum flushing time employed was 5 minutes, 
Following this time period the furnace was turned on. 
The rate of heating was initially kept low and both 
the heating rate and temperature were gradually increased. 
Shattering of the alumina crucible occurred when too rapid 
a heating rate was used.  Melting of the charge was ob- 
served visually.  After the charge was molten, the tem- 
perature was maintained for a minute and a half in order 
to permit the eddy currents generated to stir the charge. 
The temperature was then decreased into the liquid plus 
solid range and maintained in this region for three min- 
utes.  Subsequently the furnace was turned off and the 
charge allowed to solidify and cool inside the tube.  The 
protective atmosphere was maintained during the cooling 
down period and turned off just prior to removing the cru- 
cible from the tube.  Normally a shrinkage cavity was 
visible, indicating that the charge had indeed melted. 
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B. Homogenization 
The alloys melted were surface cleaned by grinding 
off any discolored layer.  They were then marked for iden- 
tification and placed in alumina crucibles.  The crucibles 
were vacuum encapsulated in clear fused quartz tubing.  A 
tantalum foil was also inserted into the quartz tube to 
act as a getter.  The vacuum pressure in the tube at the 
time of encapsulation was better than 20 microns.  The 
samples were homogenized by placing the capsules inside a 
diffusion furnace at a temperature of 1100°C.  The period 
of homogenization varied from batch to batch and was be- 
tween 7 and 14 days.  Previous investigators have found 
this length of time, at 1100°C sufficient for effective 
22 homogenization. At the end of the homogenization treat- 
ment the capsule was quenched in a bucket of water and the 
quartz tube was broken with a hammer. 
Each sample was cut into two pieces.  One of the 
pieces was mounted and polished as detailed in the sec- 
tion on sample preparation.  The mounted sample was stud- 
ied for homogeneity with the help of a microprobe.  Re- 
peated measurements of the x-ray count rate from the 
sample are expected to lie upon a unique Gaussian curve, 
for which the standard deviation is the square of the 
mean (a  = / N).  N is the average number of counts ob- 
tained in a given time t. a     results from fluctuations 
c 
24 that cannot be eliminated as long as quanta are counted. 
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Goldstein & Colby have discussed the theory of 
homogenization measurement.  A summary of their discussion 
25 follows.  Liebshafsky et al.   pointed out that the real 
standard deviation of the experiment S  is given by 
So = I      (N. - N,)2/(n - 1) 1/2 (17) c   .L,        1    x i=l 
where N. is the number of x-ray counts for each determi- 
n 
nation i and N. =  Y  N. where n is the number of deter- 
1
   i=l  1 
mination of i.  The standard deviation S  equals a     only 
when the operating conditions have been optimized.  The 
real standard deviation includes effects arising from the 
variability of the experiment, e.g., instrumental drift, 
x-ray focusing errors and x-ray production.  It also in- 
cludes effects arising out of the fact that the effec- 
tive 'depth of focus1 of the crystal x-ray spectrometers 
may be less than the 'depth of focus' of the light opti- 
mal system of the electron microprobe.  Moving the sample 
mechanically from spot to spot is also likely to cause 
some error.  Under typical counting times (10 to 100 
24 
seconds per point) S  is about twice a        .  Faulty speci- 
men preparation can also affect the precision of the 
analysis. 
In order to answer the question, "Is the sample 
homogeneous?" in a quantitative manner, x-ray quanta are 
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accumulated at a number of points.  The points on the 
sample are chosen at random and the sample is moved 
mechanically from point to point.  An exacting determi- 
nation of the range (weight %) and level (%) of homogeneity 
involves the use of (a) the standard deviation, S , of the 
measured values and (b) the degree of statistical confi- 
- 24 dence in the determination of N. 
The degree of confidence used in the measurement 
states that we vish to avoid a risk, a, of rejecting a 
good result a large percentage (say 99%) of the time. 
The degree of confidence is given as 1-a and is usually 
denoted by 0.99, i.e. 99%.  The use of a degree of con- 
fidence means that we can define a range of homogenity 
in weight percent for which we expect, only a (1% in 
this study) of the repeated points to be outside this 
range. 
The range of homogenity for a degree of confidence, 
1-a, in weight percent is 
t1"?  ™    ct1"? S 
W    =+C   n"1   gg- = +   n"1  -°- (18) 1-a       ,—    100   ~      ,    rT UB' /n / n   N 
where C is the true weight fraction of the element of 
interest, n is the number of measurements, N is the aver- 
age number of points accumulated at each measurement, CV 
1-a is the percent coefficient of variation and t  n  is the 
*■ n-1 
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student's value for a 1-a confidence and for n-1 degrees 
of freedom. 
The level of homogenity or homogenity level for a 
given confidence level, 1-a, in percentage is given by 
(t1"") S  (100) 
± Wn  /C = ±  —— -  (%) -  (19) l~ot /— ,T / n  N 
It is more difficult to measure the same level of 
homogenity as the concentration of an element in the 
sample decreases.  Although W,   is directly proportion- 
al to C, the value of S /N will increase as C and the 
number of x-ray counts per point decreases.  To obtain 
the same number of x-ray counts per point, the time of 
analysis must be increased. 
Equation 19 can be used to calculate the minimum 
number of counts needed for a given level of homogenity 
and for an expected level of homogenity.  In order to 
measure a 1% expected level of homogenity, for a confi- 
dence level of 99%, about 75,000 counts must be accumu- 
lated per point if n = 21.  For the purpose of this study 
a level of homogenity > 1.5% or a range of homogenity 
greater than 0.1% was considered undesirable. 
The number of points considered varied between 16 
and 30.  Readings were accumulated only for Co and Ni in 
the analysis of ternary alloys and for Ni in the analysis 
of the Fe-Ni binary alloys.  The number of counts col- 
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lected varied between 50,000 and 230,000 for Co and be- 
tween 46,000 and 230,000 for Ni. 
Counting time was between 60 and 80 seconds per 
point and the total time for the analysis of each sample 
was 30 to 45 minutes. 
After homogenity measurements the lucite mounts 
were broken and the samples removed.  The sample was then 
ultrasonically cleaned in acetone.  Following this, the 
sample was examined visually and accepted if no pieces of 
lucite were visible to the unaided eye. 
C. Heat Treatment 
A preliminary study using a few homogenous alloys 
was carried out.  This study indicated that if a homogen- 
ous alloy is heated into the gamma range and then step 
cooled into the (a+y) region and maintained there precipi- 
tation of alpha occurs.  If the homogenized alloy is di- 
rectly heated into the (a+y) region precipitation of y 
occurs.  An analysis of both a and y precipitates was de- 
sired as explained in the results section.  Accordingly, 
it was decided to subject each alloy to two different heat 
treatments.  Fig. 10 illustrates the thermal cycle of the 
heat treatments. 
For the purpose of this study the heat treatment 
that affects the transformation y+(a+y) is characterized 
as heat treatment one or the cooling down heat treatment 
(Fig. 8(a)).  Considering the shape of the Fe-Ni phase 
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Fig. 8.  Thermal cycle of Heat-Treatments one and two, 
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Fe-Ni     Iron-Nickel 
300 L_ 
Fe        10        20       30       40       50       60       70       80>      90        Ni 
j i. Guidsiem Weight  Percentage Nickel 
F'ig. 9.  Fe-Ni phase diagram (from Metals Handbook, 8th 
ed., Vol. 8, p. 304, ASM, 1973). 
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diagram (Fig. 9) it can be observed that the temperature 
of the (a+y )A boundary decreases with increasing nickel 
content.  In this study, Fe-Ni-Co alloys used to deter- 
mine the phase diagram at 650°C were higher in nickel 
than the alloys used to determine the diagram at 800°C. 
Thus the 6 50°C alloys did not need to be heated to as 
high a temperature as the 800°C alloys in order to locate 
them in the one phase y region. 
For the purpose of affecting heat treatment one a 
capsule containing the samples to be heat treated was in- 
troduced into a furnace at a temperature which varied be- 
tween 950°C (for the 650°C alloys) and 1100°C (for the 
800°C Alloys).  The furnace was maintained at this tem- 
perature overnight.  This initial treatment was followed by 
step cooling the furnace at approximately 30°C-40°C per 
hour.  After reaching the desired heat treatment tempera- 
ture, the furnace was maintained at that temperature for 
the rest of the heat treatment.  The time-temperatures 
cycles for samples which underwent heat-treatment one are 
listed in Table 3. 
For the purpose of this study the heat-treatment 
that affects the transformation a +(a+y) is characterized 
as heat-treatment two or the heating up cycle.  In order 
to carry out this heat treatment the capsule containing 
the samples was introduced into a furnace adjusted to 
the temperature desired in the (a+y) region (650°C, 700°C, 
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750 C or 800 C) (Fig. 8(b)).  The furnace was then main- 
tained at this temperature for the rest of the heat-treat- 
ment.  The time-temperature cycles for the samples which 
underwent heat-treatment two are also listed in Table 3. 
The times of heat treatment were determined by using 
(1) calculations employing the theory of binary growth by 
Zener   and (2) heat-treatment times used by Kosteretal. 
in their experimental studies. 
The capsules used for heat treatment were prepared 
in the following manner.  Groups of alloys to be heat 
treated in a similar manner (Table 3) were placed in 
alumina crucibles and encapsulated together.  Tantalum 
foils were placed between samples to prevent them from 
coming into contact with one another.  The vacuum in the 
capsules was better than 20 microns at the time of en- 
capsulation.  The furnaces used for the heat treatments 
were either Lindberg heavy duty furnaces with a constant 
temperature zone longer than 15 cms. or Marshall tube 
furnaces with a 5 cms. flat zone.  Both types of furnaces 
could be maintained at ±2°C. 
The temperatures of the furnaces were periodically 
checked with a calibrated Pt-13% Rh thermocouple placed 
adjacent to the capsule.  At the end of the heat treat- 
ment the capsules were cooled by quenching in cold water 
and simultaneously breaking the capsule with a hammer. 
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D. Sample Preparation 
Both the homogenized and heat treated samples were 
mounted in clear lucite.  Unlike bakelite or epoxy, lucite 
is soluble in acetone.  For heat-treatment following homo- 
genization the sample was removed from the mount, immersed 
in acetone and ultrasonically cleaned.  Ultrasonic cleaning 
depends on cavitation, the rapid formation and violent 
collapse of minute bubbles or cavities in a cleaning liquid. 
According to Geckel   cavitation produces a scrubbing ef- 
fect that accelerates the solution's cleaning action.  Be- 
sides, ultrasonic energy can penetrate into crevices and 
cavities and hence both exposed and hidden areas are ef- 
fectively cleaned.  Hence, by using ultrasonic cleaning it 
was possible to rid the sample of all possible contamina- 
tion due to mounting material. 
The heat treated and homogenized samples were pre- 
pared for microprobe analysis in the following manner.  The 
mounted samples were ground on wet papers (240, 320, 400 
and 600 grit) .  Final polishing was achieved using a 6 micron 
diamond paste lap and finally 0 . 06 microns Linde B on microcloth. 
The samples were etched with either a 1% or a 2% 
Nital solution and their structure observed under an opti- 
cal microscope.  The homogenized samples were then re- 
polished on Linde B before undergoing point analysis on the 
probe.  For the heat treated samples a slightly more elab- 
orate procedure was essential.  Fiduciary markings were 
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made, on the etched sample, around the area of interest. 
This area was photographed before repolishing with Linde B. 
The purpose of this repolish was to remove all traces of 
etchant from the specimen surface.  It also served to 
diminish the amount of relief on the sample surface.  The 
heat treated samples were not polished completely flat due 
to the fact that the phases in the samples had different 
hardnesses.  This hardness difference caused a small degree 
of relief to be present upon hand polishing with Linde B. 
Prior to study on the microprobe all samples were 
carbon coated.  This prevents conduction problems from 
arising in the course of microprobe analysis if the 
phases being analyzed are small.  Conduction problems also 
arise if non-conducting phases are present. 
E. Electron Microprobe Analysis 
This instrument, developed by Castaing in 19 51 con- 
sists of 
(a) an electron gun for generating an electron 
beam 
(b) several magnetic lenses for focusing the beam 
(c) a sample stage 
(d) a detector system for collecting the x-rays 
produced from the sample. 
Fig. 10 shows the principle of the apparatus dia- 
gramatically.  For a more detailed description the reader 
36 
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Fig. 10.  Schematic diagram of the French microanalyzer 
(adapted from Castaing). 
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is referred to a variety of books on the subject.28,29 
A large number of interactions occur when a focussed 
electron beam impinges on a specimen surface.  Essentially, 
when a high energy electron beam impinges on the surface 
of a sample, characteristic x-rays are produced along with 
continuum x-rays, backscattered electrons, secondary elec- 
trons, Auger electrons and photons of various energies. 
Fig. 11 is a schematic representation of the interaction 
30 
of an electron beam with a sample. 
The impinging beam of electrons is of a diameter d; 
the excitation volume from which x-rays are produced has 
a substantially greater spatial resolution, R .  The total 
x-ray spatial resolution is the sum of the x-ray range, 
R , and the size of the electron beam hitting the sample. 
In the electron microprobe, the electron beam size is 
usually much smaller (d/R /<0.2) than the x-ray spatial 
resolution. 
The shape and size of the excited x-ray volume are 
primarily a consequence of (1) elastic scattering of the 
impinging electrons by the atomic nucleus and (2) inelas- 
tic interactions with the bound electrons of the solid. 
Using scattering theory and experimental data it has 
been determined that the depth of penetration or range R 
is mainly dependent on the energy of the incident electron 
beam.  Various relationships correlating the range, R , to 
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Fig. 11.  Schematic representation of the interaction of 
an electron beam with a sample.30 
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the energy of the electron beam (E ) have been determined. 
Anderson and Hasler developed a mass range equation for 
x-ray production as 
R(x) = 0.064 (Eo1,68 - Ec1,68)/p (20) 
where R  is the depth of penetration in microns, E  is 
x
c c
.   o 
the operating potential in KV, E  is the critical voltage 
and p is the density of the sample in grams per cc.  Other 
relationships are available but the Anderson Hasler rela- 
tionship is based on experimental data and is probably the 
most correct.  An uncertainty of ±20% is associated with 
the value obtained using this relationship.  Thus, the size 
of the x-ray excitation volume is primarily dependent on 
the energy of the impinging electron beam and the material 
of the target and only dependent to a small extent on the 
size of the electron beam (d).  The size of the electron 
beam is dependent on the sample current among other things. 
The shape of the x-ray excitation volume is simi- 
larly dependent on the energy of the incident beam and 
the atomic number of the target material.    For materi- 
als with a low atomic number there is little backscatter- 
ing of electrons near the surface.  Most of the impinging 
electrons penetrate and lose their energy through subse- 
quent scattering events.  A depth is finally reached 
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where electrons can no longer escape from the sample.  The 
resulting distribution of electrons takes the form of a 
teardrop.  In the case of high atomic number materials 
backscattering near the sample surface is prevalent and 
random movement is established at a lesser depth.  In this 
case the shape of both the electron distribution and x-ray 
volume is hemispherical. 
The electron microprobe provides a powerful tech- 
nique for the quantitative analysis of phases.  Electron 
microprobe analysis has some important advantages over the 
conventional methods (x-rays, quantitative metallography, 
etc.) used for phase diagram determination.  If the alloy 
to be analyzed has phases which are in equilibrium, the 
electron microprobe can measure the composition of these 
phases directly.  If the phases are not in equilibrium, 
phase equilibrium data can be obtained by measuring the 
composition of the precipitate as well as its interface 
composition.  This procedure is suitable as long as equi- 
32 librium is maintained at the phase interface.    A third 
possibility is to grow the phases separately and analyze 
them separately. 
1. Operating parameters 
Microprobe analysis requires a consideration 
of the following parameters of operation.  A lower operat- 
ing voltage and to a lesser extent a lower sample current, 
result in a smaller x-ray excitation volume and hence 
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permit accurate analysis of smaller areas.  However, this 
improvement in resolution is obtained at the price of using 
longer counting times.  This results in a more laborious 
analysis.  Also, instrumental drift varies with time.  As 
the counting times increase, drift increases. 
The operating voltage selected should also result 
in a reasonable x-ray peak to background ratio.  At small 
peak to background ratios, accurate background measurement 
33 becomes exceedingly critical.    Using the formula for 
34 peak intensity given by Bertm   and the background mten- 
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sity formula by Kramers   it can be realized that the peak 
to background ratio increases as the voltage of the elec- 
tron beam (E ) is increased.  In most cases in order to 
insure adequate intensity the overvoltage (U ) defined as 
the ratio E /E  should be 2 or greater.  Also as E^ in- 
o  c ^ o 
creases the x-ray resolution decreases. 
In the determination of alloy homogenity the operat- 
ing voltage used was 20KV and the sample current was main- 
tained at 0.1 microamps.  This sample current was larger 
than the sample current used for the analysis of the heat 
treated samples.  This increase in sample current probably 
resulted in a very small decrease in resolution; in any 
case, x-ray resolution was not very critical in the study 
of homogenity.  On the other hand the number of counts 
collected were important in determining the desired level 
of homogenity.  Under these circumstances, for a minimum 
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of 50,000 counts per point, counting times between 40 and 
80 seconds were required. 
A more critical analysis was required in the case 
of the heat treated samples.  Hence, the sample current 
was cut down to 0.05 microamps while the voltage was main- 
tained at 20KV.  This assured an overvoltage ratio greater 
than 2.  For a few samples however, those heated up to 6 50°C, 
the phases to be analyzed were exceedingly fine (l-3y) and 
a further improvement in resolution was essential in order 
to obtain an accurate analysis.  This increase in resolu- 
tion was obtained by operating the probe at 15KV and 0.01 
microamps sample current.  Under these conditions of opera- 
tion the x-ray range for cobalt, according to the Anderson 
Hasler relationship, was reduced from 0.88 microns to 0.46 
microns and for nickel from 0.85 microns to 0.63 microns. 
Thus the resolution was improved by a factor of two.  The 
operating conditions did cause a decrease in the number of 
counts collected per second but the payoff in terms of 
better resolution was considered to be more important. 
Fig. 12(a) and (b) present microprobe scans across the 
marked precipitates in Fig. 13.  The scan presented in Fig. 
12(a) was obtained at an operating voltage of 20KV; the 
scan presented in Fig. 12(b) was obtained at an operating 
voltage of 15KV.  The improvement in resolution obtained 
as a result of a lower operating voltage is illustrated. 
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Fig. 13.  Sp. 11 cooled 650°C. (200x) .  Etchant 1% Nital. 
Composition of sample is 7.5% Co, 9.9% Ni, bal, 
Fe.  Scans illustrated in Fig. 12(a) and (b) 
were across the marked precipitate.  A more de- 
tailed description of microstructure is con- 
tained in the Results section (Structure C). 
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2. Procedure for data collecting 
For this study an ARL microprobe with a take- 
off angle of 52.5° was employed.  The technique used to 
determine the composition of the a and y   phases was to 
locate and centre the marked area of interest with the 
help of the optical microscope of the probe.  Low magnifi- 
cation sample current pictures of the area of interest 
were projected on the calibrated oscilloscope screen and 
the precipitate of interest identified with the help of 
photographs of the area.  The precipitate was centrally 
positioned on the screen by moving the sample.  The magni- 
fication of the scanning picture was increased in steps to 
between 2000x and 5000x.  At 2000x the beam could be de- 
flected in 0.5 micron increments.  At 5000x the beam could 
be deflected in 0.2 micron increments.  After each in- 
crease in magnification the electron beam was focussed. 
Point counts were taken inside the precipitate as 
well as at the precipitate boundaries.  This measurement 
was achieved by deflecting the beam to the desired points. 
The chart recorder pens were used as guides to determine 
the position of the boundary.  In no case was the beam de- 
flected more than 6 microns from the centre of the screen. 
In the study of large precipitates this necessitated cen- 
tering the boundary of the precipitate.  A minimum of three 
precipitates were analyzed for composition as discussed 
above for each heat treatment and each alloy.  In addition 
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at least one point by point microprobe scan across a pre- 
cipitate was measured.  The data points were 0.2-0.5 mi- 
crons apart so that accurate boundary analysis could be 
obtained.  Further away from the boundary (1-2 microns) 
the spacing between the points was increased. 
When the electron beam is deflected it is of great 
importance that the spectrometers be very accurately 
peaked.  Inaccurately peaked spectrometers can cause large 
changes of intensity to occur when the beam is deflected. 
However, a certain amount of decrease in intensity is un- 
avoidable in the kind of system used.  This is due to the 
fact that for maximum peak intensity the x-ray source has 
to be located precisely on the Rowland focussing circle. 
Any deflection of the beam causes the source to move from 
the Rowland circle.  In this study a change in intensity 
was observed if the beam was deflected more than 8 ym 
from the centre.  Therefore during an analysis the beam 
was never deflected more than 6 microns from the centre 
of the screen. 
A change in intensity is also likely if topographi- 
cal differences exist in the sample.  Thus, ideally the 
sample should be polished flat.  However, it was observed- 
that the backscatter signal scan did not distinguish the 
precipitate from the matrix and neither did the x-ray scan, 
Thus the sample current scan was used to delineate the 
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precipitate.  The sample current picture is a result of 
differences in composition and topography.  The topographi- 
cal differences used were those resulting from the polish- 
ing procedure which has been detailed in the section on 
sample preparation. 
X-ray measurement were recorded for cobalt and 
nickel.  The amount of iron was calculated by the differ- 
ence.  LiF crystals were used to collect the x-rays of 
both elements.  Background for nickel was taken off the 
pure iron standard and the background for cobalt off an 
Fe-Ni alloy standard of a composition similar to the com- 
position of the alloy to be analyzed.  Standard readings 
for cobalt were taken off pure cobalt.  Standard readings 
for nickel were taken off one of two iron nickel alloys— 
either a 5.1 weight% Ni alloy or a 10.3 weight% Ni alloy. 
Table 4 lists the composition of the standards used. 
Standard readings were taken both before and after 
the analysis of the heat treated alloys in order to cor- 
rect for drift.  The variation in these readings was 
limited to a maximum of 1.5%.  This was achieved by digi- 
tizing the sample current and monitoring the digitized 
current. 
During an analysis, the counting time, the digitized 
sample current and x-ray intensities were simultaneously 
recorded and punched on a tape by a teletype connected to 
the probe.  The tape was then read into a remote terminal 
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Table 4 
ELECTRON MICROPROBE REFERENCE STANDARDS 
Iron Standard        99.99 ± .01 wt. % Fe 
Nickel Standards   l)Fe,5.17 ± .02 wt. % Ni 
2)Fe,10.3 ± 0.02 wt. % Ni 
Cobalt Standard      99.9 5 ± 0.0 5 wt. % Co 
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of a CDC 6400 computer along with a punched programme 
which converted the data on tape to punched computer cards. 
These data cards together with the standard intensity 
cards were processed by the Goldstein and Cornelia   ZAF 
correction programme to give concentration values in 
weight percent. 
The ZAF correction programme is required to convert 
raw data from the microprobe into accurate values of com- 
position.  The programme achieves this by utilizing cor- 
rection procedures for atomic number, absorption and 
fluorescence derived by other investigators.  The process 
is iterative.  The atomic number correction factors of 
37 Duncumb and Reed   and the absorption correction proposed 
3 8 by Philibert   were used.  The fluorescence correction is 
required when one or more of the elements of an unknown 
or standard sample has a characteristic emission line with 
energy greater than the critical excitation potential of 
the line measured.  The expression for fluorescence cor- 
39 40 
rection proposed by Castamg   and modified by Reed  was 
used in the program. 
The complete corrected ratio, k , of the intensity 
of the characteristic x-ray line of element A measured 
from the sample I-, to that measured from a standard, I (A\ r 
is given by the expression 
k = ^— - ^_ !A_ ^A_ !A_ ,,,, 
A
        
X[A] C[A]       Z[A]      A[A]      P[A] 
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where the subscript A represents the unknown and the 
bracketed A the standard.  In the Goldstein-Cornelia pro- 
gramme corrections are first made to the raw intensity 
data for (1) detector dead time, (2) instrumental drift, 
and (3) background intensity from the continuous x-ray 
spectrum generated in the sample.  The programme then 
corrects for the atomic number, absorption, and fluores- 
cence effects as previously reviewed.  Input information 
consists of operating parameters, x-ray data and measured 
intensities on unknown and on standard—both before and 
after analysis of unknown.  The output is comprised of 
the corrected composition values. 
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RESULTS 
This section presents the results obtained from the 
analysis of both the homogenized and heat treated samples. 
The microstructures obtained upon heat-treatment will also 
be described. 
A. Homogenized Samples 
Table 5 presents the results of the study of homo- 
genity.  The average number of counts obtained in a given 
time t (N), the standard deviation (S ), the number of 
99 
measurements (n) , the student's t value (t  , ) and the 
n-1 
level and range of homogenity (VLJ for each sample are 
indicated in the table. 
It can be observed that in no case was the level of 
homogenity for Co greater than 1.47% or greater than 1.7% 
for Ni.  In other words the range of homogenity was less 
than 0.11 weight percent Co or less than 0.09 weight per- 
cent Ni. 
B. Microstructures 
As mentioned earlier, samples were given two differ- 
ent heat treatments.  In heat-treatment One the sample was 
introduced into a furnace at a temperature high enough to 
heat the sample into the one phase gamma region.  The 
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furnace was then step cooled into the (cc+y) range, to the 
temperature at which the heat-treatment was to be carried 
out.  Subsequent to the heat treatment, polishing and 
etching of these samples revealed the growth of grain 
boundary allotrimorphs.  The matrix has a martensitic 
structure when the amount of nickel in the sample exceeded 
about 9% and has a massive structure if the amount of nic- 
41 kel was lower.    This matrix microstructure is illustrated 
in Fig. 14.  Fig. 14(a) (b) illustrate the martensitic ma- 
trix microstructure while Figs. 14(c), (d), (e) and (f) 
illustrate the massive matrix microstructure.  The laths 
of martensite were observed to be finer in samples with 
higher Ni content.  This behaviour is similar to that ex- 
hibited by Fe-Ni alloys.  It should be pointed out, how- 
ever, that no precipitate is found to grow in Fe-Ni alloys 
42 
when these alloys are cooled at laboratory rates.    The 
microstructures illustrated in Fig. 14 are characterized 
as structure A for the purpose of this study. 
Microprobe analysis indicate that the grain boundary 
allotrimorphs are cobalt-rich and nickel-poor with respect 
to the matrix (Fig. 15).  Since alpha phase in previous 
studies has the characteristic of being cobalt-rich and 
20 43 
nickel-poor,  '   it can be inferred that the grain bound- 
ary allotrimorphs are alpha precipitates.  The size of 
the grain boundary allotrimorphs varied from precipitate 
54 
Fig. 14 (a). Sp. 9 (2.4% Co, 10.1% Ni, bal. Fe).  Cooled 
650°C.  280x.  Structure A.  Etchant 1% Nital. 
Fig. 14(b). Sp. 13 (10.1% Co, 14.3% Ni, bal. Fe).  Cooled 
700°C.  200x.  Structure A.  Etchant 1% Nital. 
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Fig. 14(c).  Sp. 34 (7.5% Co, 6.4% Ni, bal. Fe) Cooled 
750°C 200x.  Structure A, Etchant 1% Nital. 
Fig. 14(d).  Sp. 30 (5.0% Co, 3.8% Ni, bal. Fe) Cooled 
800°C. 200x.  Structure A, Etchant 1% Nital. 
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Fig. 14(e).  Sp. 31 (7.6% Co, 4.5% Ni, bal. Fe)  Cooled 
800°C 200x.  Structure A, Etchant 1% Nital, 
Fig. 14(f). Sp. 33 (5.0% Co, 5.5% Ni, bal. Fe)  Cooled 
750°C 200x.  Structure A, Etchant 1% Nital, 
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to precipitate.  Allotrimorphs which had grown at triple 
grain boundaries were larger than' the usual grain boundary 
allotrimorphs.  Some precipitates exhibited a distinct 
diffusion gradient adjacent to their boundary while others 
did not.  Precipitates exhibiting a diffusion gradient 
are marked in the photographs of Sp. 9, 13 and 34 (Fig. 
14) while the marked precipitates of Sp. 30, 31 and 33 do 
not possess a distinct diffusion gradient.  Dual arrows 
are used to indicate the position of microprobe scans taken 
across the precipitates. 
No co-relation of the optically observed diffusion 
gradient with the composition of sample and temperature of 
heat-treatment was observed.  Not all the precipitates in 
a sample exhibited a distinct diffusion gradient.  Fig. 15 
presents scans across precipitates of structure A.  It can 
be observed that a nickel spike is present in the scan 
across a precipitate of Sp. 13 (which exhibited an opti- 
cally observable diffusion gradient).  A nickel spike is 
not present in the scan across a precipitate of Sp. 31 (no 
optically observable diffusion gradient). 
A difference between the Co   and Ni contents in the 
grain boundary and in the matrix of the sample was measured 
qualitatively with the microprobe.  It can thus be in- 
ferred that grain boundary diffusion occurred and that the 
growth of the allotrimorphs was, to a large extent, the re- 
sult of grain boundary diffusion. 
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A different microstructure, designated as B, was 
observed in the samples subjected to heat treatment Two 
(otp+a+Y) •  In heat treatment Two the sample was introduced 
into a furnace pre-set to the temperature of interest and 
the sample was maintained at this temperature for the re- 
quired time.  The structure of these samples, as revealed 
by polishing and etching is illustrated in Figs. 16. 
Plate-like precipitates have grown within the grains as 
well as at the grain boundaries and are of the Widmanstatten 
type.  Microprobe analysis indicate that the phase that 
had grown was Co-poor and Ni-rich with respect to the mean 
composition of the sample (Fig. 17).  Since the gamma phase 
in the Fe-Ni-Co system is Co-poor and Ni-rich it can be 
inferred that the precipitates grown in these samples were 
gamma precipitates.  '    Microprobe scans across precipi- 
tates of Structure B are presented in Fig. 17. 
The amount of precipitate nucleation varied from 
grain to grain.  Grains in which the amount of nucleation 
was small were observed to possess larger precipitates. 
This is easily understood in terms of the impingement ef- 
fect which shall be described in the Discussion section. 
It was further observed that the amount of nucleation in- 
creased in the samples heat-treated at comparatively lower 
temperatures.  This is explained by the fact that these 
samples were subjected to larger undercooling and nuclea- 
tion increases with increasing undercooling.  Large 
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Fig. 16(a).  Sp. 4 (1.8% Co, 6.6% Ni, bal. Fe).  Heated 
700°C.  200x.  Structure B.  Etchant 1% Nital. 
Fig. 16(b). Sp. 9 (2.4% Co, 10.1% Ni, bal. Fe).  Heated 
650°C.  200x.  Structure B.  Etchant 1% Nital. 
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Fig. 16(c) Sp. 26 (8.3% Ni, bal. Fe).  Heated 650°C 
200x.  Structure B.  Etchant 1% Nital. 
Fig. 16(d). Sp. 28 (10.0% Co, 16.7% Ni, bal. Fe).  Heated 
650°C.  280x.  Structure B.  Etchant 1% Nital. 
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Fig. 16(e).  Sp. 31 (7.6% Co, 4.5% Ni, bal. Fe).  Heated 
800°C.  200x.  Structure B.  Etchant 1% Nital 
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Fig. 16(f) . Sp. 33 (5.0% Co, 5.5% Ni> bal. Fe).  Heated 
750°C.  200x.  Structure B.  Etchant 1% Nital, 
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Fig. 16(g).  Sp. 34 (7.5% Co, 6.4% Ni, bal. Fe).  Heated 
750°C.  200x.  Structure B.  Etchant 1% Nital 
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undercooling and consequent impingement resulted in exceed- 
ingly fine (l-3y) gamma precipitates being grown in the 
samples subjected to heat-treatment Two at 650°C.  It is 
likely that very low diffusion coefficients also played a 
part in limiting the size of these precipitates.  It can 
be observed in the photographs of Fig. 16 (Sp. 4, 26, 33 
and 34) that certain grains are preferentially etched. 
This is ascribed to the preferential etching of the parent 
a~-phase on certain matrix planes. 
The structures described above were observed in 
the majority of the samples.  Two other kinds of micro- 
structures were observed in a few samples.' The structure 
observed in the cooled down samples of Sp. 11, 29, 30, 31, 
33, 34 and 35 was a little different from Structure A.  In 
addition to the grain boundary allotrimorphs, Widmanstatten 
plate-like precipitates were observed in a few grains of 
each sample.  This type of microstructure is illustrated 
in Fig. 18.  The grain boundary allotrimorphs were found 
to be Co-rich and Ni-poor (a-phase) while the Widmanstatten 
plates were Co-poor and Ni-rich (y-phase) with respect to 
the mean composition of the sample.  This structure is 
designated Structure C for the purpose of this study.  A 
scan across a Y~Precipitate of Structure C is shown in Fig. 
19.  The scan is similar to one obtained across a y-preci- 
pitate from Structure B.  Fig. 12 in the Experiments and 
Procedures section also shows a scan across a Y~Precipitate 
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Fig. 18.  Sp. 33 (5.0% Co, 5.5% Ni, bal. Fe).  Cooled 
750°C. 200x. Structure C. Etchant 1% Nital 
Grain boundary allotrimorphs of alpha are ob- 
served at the grain boundary. Gamma precipi- 
tates observed inside grain. 
Fig. 20.  Sp. 13 (10.1% Co, 16.3% Ni, bal. Fe).  Heated 
700°C.  200x.  Structure D.  Etchant 1% Nital, 
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(Structure C) of Sp. 11 (Fig. 13). 
Often, the grains in which this structure was ob- 
served were close to the edge of the sample.  In Sp. 11, 
however, the gamma precipitates were observed to have 
grown throughout the sample.  It is interesting to observe 
that none of the samples heat treated at 700°C exhibited 
this microstructure.  This microstructure was observed 
only in a few samples heat-treated at other temperatures. 
Generally, though not invariably, the size of the 
gamma precipitates of Structure C was slightly larger than 
those &f  Structure B.  The growth of this kind of precipi- 
tate is dependent on the M  temperature of the alloy and 
the temperature of heat treatment.  A more detailed analy- 
sis of the growth of this structure is presented in the 
Discussion section. 
The fourth kind of microstructure—Structure D— 
was observed in only one sample—Sp. 13 heated up to 700°C, 
and is presented in Fig. 20.  A large amount of nucleation 
has taken place in this sample.  The precipitates are Co- 
rich and Ni-poor (alpha).  The fine phase dispersed through- 
out the sample were identified with the help of an SEM. 
However, at a few grain boundaries of Sp. 13 (Fig. 20) 
larger precipitates of alpha were observed.  Their size is 
probably attributable to grain-boundary diffusion. 
Sp. 13 is comparatively high in Ni and Co and the 
growth of alpha rather than gamma precipitate in the heated 
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up sample is probably intimately connected with a change 
in the nucleation characteristics at higher Ni and Co con- 
centrations.  A scan across the alpha precipitate indi- 
cated in Fig. 20 is presented in Fig. 21.  The absence of 
a nickel spike indicates a structure close to equilibrium. 
C. Results of Microprobe Analysis 
As mentioned earlier, a Co and Ni-spike at the bound- 
ary of the alpha precipitate was only observed in the analy- 
sis of precipitates which exhibited a distinct diffusion 
gradient in the matrix starting at the two phase boundary. 
Even in such precipitates the minimum Co value obtained 
from the analysis of the boundary of a-precipitate was 
more than the minimum Co value obtained from the analysis 
of y precipitates in a paired heat-treated sample.  Simi- 
larly, the maximum Ni-value obtained from the analysis of 
the matrix y  at the a precipitate boundary was less than 
the Ni-value obtained from the analysis of the   precipi- 
tates in a paired heat-treated sample (Appendix A). 
The results of the probe analysis on all the areas 
measured in the experimental samples are given in Appendix 
A.  Table 6 lists the values used to plot the phase dia- 
gram.  The following procedure was used to obtain the 
values presented in Table 6 from the values given in 
Appendix A. 
The y and a values presented for the alloys subjected 
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to heat-treatment Two at 700°C, 750°C and 800°C as well 
as the a  value presented for the alloys subjected to heat- 
treatment One are an average of the corresponding values 
presented in Appendix A.  The error associated with these 
vaXues is the spread in the values given in Appendix A. 
Unusually high or low values were not considered in the 
calculation of the mean or the spread.  The alpha values 
obtained from the analysis of the matrix of the y-preci- 
pitate of Structure B are in good agreement with the alpha 
values obtained from the analysis of the alpha precipitates 
of Structure A. 
The values obtained from the analysis of the y-ma- 
trix near the a precipitate boundary (Heat Treatment One) 
were not in good agreement with the values obtained from 
the analysis of the y-precipitates of Structure B.  These 
values, though presented in Table 6, were not used to plot 
the phase diagram.  In this case, the minimum Co/maximum 
Ni value obtained from the analysis of the y-matrix near 
the a-precipitate boundary is presented as the y-value 
without indicating any limit of error.  Limits of error 
are not given when only one precipitate was studied. 
(Note: this occurred for certain Structure C microstruc- 
tures.) 
The precipitates observed in the alloys subjected 
to heat treatment Two at 650°C were generally only l-3y 
in size.  Since small precipitates are more difficult to 
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analyze than larger ones, a large variation in the values 
obtained is to be expected.  Consequently the a and y 
values presented for the 650°C alloys (Table 6) are those 
obtained from the largest-precipitate analyzed.  The errors 
associated with y values determined using these alloys are 
likely to be limited to the errors associated with the 
probe analysis.  The maximum error associated with the ex- 
value can be presumed to be no more than the error asso- 
ciated with the a-value measured from the y-precipitates 
of Structure B at other temperatures of heat-treatment, 
i.e. 0.2% maximum. 
The ternary two-phase interface tie-line which 
satisfies conditions for the growth of alpha on cooling 
need not be identical to the tie-line which satisfies con- 
ditions for the growth of gamma on re-heating.  Taking 
this into consideration along with the fact that the heated 
up alloys more closely approach equilibrium, it was de- 
cided to plot the two-phase a-y tie lines using the results 
from the heated-up alloys (Structure B).  The a/(a+y) phase 
boundary values were obtained using the analysis of a 
matrix near the boundary of the y-precipitates of Structure 
B.  The (a+y)/y boundary values were obtained using the 
values obtained from the analysis of the y-precipitates of 
Structure B.  The isothermal sections at 650°C, 700°C, 
750°C and 800°C are plotted in Figs. 22(a)-(d).  Figure 
22(e) summarizes the isotherms and measured tie lines.  The 
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Fig.   22(e) Summary of isothermal sections of ternary 
diagram at 800°C, 750°C, 700°C and 650°C. 
Origin is lOOFe. 
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a/(oc+y) boundary values obtained from the analysis of the 
a-precipitates of Structure A are also indicated on the 
isothermal sections as are the a/(a+y) boundary and the 
(a+y)/y boundary values obtained from the analysis of 
Structure C. 
The general procedure outlined above was not fol- 
lowed for Sp. 13 (700°C).  In this case both heat-treatment 
One (cooling down) and heat-treatment Two (heating up) re- 
sulted in the nucleation and growth of alpha precipitates. 
The values obtained from the analysis of the a-precipitates 
of Structure D have been used to plot the tie-line for Sp. 
13. 
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DISCUSSION 
A. Microstructures 
Various microstructures were obtained upon heat 
treatment.  Microstructures A and B can be easily ex- 
plained.  Microstructure A (Fig. 14) was obtained on heat- 
ing an alloy possessing an a„ microstructure into the 
y-region and then cooling it into the (a + y) region. 
The alloy was maintained in this region for the period of 
the heat-treatment and then quenched to room temperature 
(Heat-treatment One).  Nucleation of a occurred at the 
grain boundaries and both grain boundary and volume diffu- 
sion contributed to the growth of these grain boundary 
allotrimorphs.  No nucleation of a was observed in the 
matrix of the grains.  The reactions a hea§-ingy cooiin9 a + y 
have given rise to microstructure A. 
Microstructure B (Fig. 16) was obtained on heating 
an alloy possessing an a~ microstructure directly into the 
(a + y) region (Heat treatment two).  The alloy was main- 
tained in this region for the period of heat-treatment and 
then quenched to room temperature.  Nucleation of y occurred 
in the grains as well as at the grain boundaries and the 
precipitates grew by the process of diffusion controlled 
growth.  The reaction  a? ea->e a + y has given rise to 
microstructure B. 
Microstructure C (Fig. 18) was obtained in certain 
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samples when they were subjected to heat-treatment one. 
The structure was obtained in Sps. 11, 29, 30, 33, 34 and 
35.  In addition to the grain boundary allotrimorphs of 
Structure A,  Widmanstatten plate-like precipitates were 
observed in a few grains of each sample.  The Widmanstatten 
precipitates are slightly higher in Ni content than the cor- 
responding y-precipitates of Structure B.  It is hypothe- 
sized that this microstructure was produced by the reac- 
n n     maintained , _, 
. ■ „      cooled    at temp.     ,    -,  cooled    ,      m   , _, tions y   ->-   a?     ->     a +y and y  ->    a + y.  Tanaka 
44 
et al   have plotted the M  temperatures for a range of 
Fe-Ni-Co alloys.  Their results in the region 0 - 10% Ni are 
extrapolated from the experimental determination at higher 
Ni and Co contents.  The M  temperature--of the alloys in 
which Structure C was observed--was either greater than or 
very close to the temperature of heat-treatment.  The M 
temperature, of the alloys in which Structure A alone was 
observed, was lower than or very close to the temperature 
of heat-treatment. 
The alloys in which Microstructure C was observed 
can be said to have undergone the following chain of events. 
The a^ microstructure transformed to Y upon heating.  Upon 
cooling this y-alloy it experienced a martensitic or mas- 
sive transformation.  During long term heat treatment the 
martensite transformed into (a + y) .  The a precipitates 
observed at the grain boundaries were probably nucleated 
prior to the martensitic transformation. 
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Structure D (Fig. 20) was obtained when an a„ alloy 
of the composition 10.1 Co, 14.3 Ni, bal. Fe (Sp. 13) was 
subjected to heat treatment two.  Very fine precipitates of 
a were observed in this sample.  This alloy is higher in 
Ni and Co contents than the other experimental alloys.  The 
alloy is also closer to the (a + y)/y phase boundary than 
the other alloys studied.  It is probable that a change in 
the nucleation characteristics causes a rather than y to 
be preferentially nucleated when a„ alloy of high Ni and Co 
content are heated into the (a + y) region.  Structure D has 
20 been observed by Koster et al.    They observed that y pre- 
cipitates out of a_ alloys of low Ni content that are heated 
into the (a + y) region and that a precipitates out of a„ 
alloys of high Ni content that are heated into the (a + y) 
region. 
B.  Tie-Line Movement 
It can be observed in Figs. 22-a-d that in the major- 
ity of cases the measured tie-lines do not pass through the 
bulk composition of the alloys but are slightly displaced to 
higher Co contents.  Ternary phase growth proceeds under 
several restrictions.  The equations governing the growth 
of a y-precipitate in the Fe-Ni-Co system are: 
PP Fe J„     = -Df, „   3C„   -   D* „. 3C.T. 8a Co     CoCo    Co       CoNi   Ni 
3x 3x 
r 
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Nl -D 
Fe 9C Co 
NiCo   9x - D 
Fe 9C Ni 
NiNi   9x 11a 
9C Co = ~Fe 9
ZC 
9t D 
Co 
CoCo D 3x' 
Fe 
CoNi 
ac. Ni 
9t =  D. 
Fe 
2 9^C Co 
NiCo  a 2 ox 
Fe 
NlNi 
3x2 
2 
Nl 
12a 
13a 
3x' 
Separate equations have to be written in each phase, 
a and y.  Irrespective of whether the tie-line is above or 
below the bulk composition the following mass balance equa- 
tions must also be considered: 
(C1 - C") 'Co dt =  + 
rGL 
+      JY 
Co?' 
(C" -C) 
dC Ni 
dt 
ra 
Ni? 
Co? 
rY 
Ni? 
14a 
15a 
The condition 
dC Co d? Nl 
dt dt 16a 
has to be fulfilled if growth is to occur.  The various 
gradients and fluxes—presuming that the tie-line composi- 
tions lie above the tie-lines through the bulk composition 
—are illustrated in Fig. 4 (Background Section). 
The requirements of interface mass conservation con- 
ditions and local equilibrium tie-lines in the ternary two 
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phase systems, allows growth to occur by adjustment in the 
tie-line selected and the rate of growth of the precipitate. 
In order to better understand the process, the growth of 
y-precipitate in an alloy of composition 2.5 Co, 2.7 Ni, 
bal. Fe (Sp. 29) subjected to heat-treatment two at 800°C 
was analyzed. 
df The growth rate  -r™ can be determined assuming that 
the tie-line for initial growth moves (1) below the tie-line 
through the bulk composition (2) through the bulk composi- 
tion and (3) above the tie-line through the bulk composi- 
tion.  The diffusion gradients—prior to impingement—for 
each of these conditions are illustrated in Fig. 23.  Fig. 
23 was drawn using the phase boundary values obtained from 
the 800°C study (Fig. 22a).  The width of the diffusion 
9CCo          8CNi 
gradient —~   (a) and —   (a) was observed to be approxi- 
mately 1.5 microns in a for the specimens analyzed in this 
study. 
If the tie-line moves below the tie-line through the 
bulk composition 
(C - C")Co = (2.6 - 2.25) = 0.35. 
d5-Co 
Using equation   14   we can now determine —-^r-.  As a 
consequence of the slopes of the phase boundaries and the 
3CCQ 
tie-lines in the system it can be observed that   ~- (y) 
3CCQ
dX 
is much smaller than  ~    (a).  As a result jX — is much 
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Figure   23 
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smaller than J^  +  and can be neglected in equation 14. 
Vignes and Sabatier have determined the diffusion 
coefficients in the Fe-Ni-Co system at 1315°C.  Their plots 
Fe Fe indicate that D_, _   > 4 D_, -T. .  Presuming that the ratio CoCo       C0N1 ^ 
of the diffusion co-efficients does not vary dramatically 
with temperature it is fair to neglect the cross co-efficient 
Fe  3C term   D_ _T.  Ni   in equation 8a.  Therefore CONl s;— ^ 8x 
JCo/   =  "DCoCo(a) ^Co 8(b) 
^ 9x 
46 Borg and Lai   have developed an expression for the 
Fe Fe diffusion coefficients  D „      (a) and DN-N- (a) at o% Ni and 
0% Co respectively.  Using these expressions it was deter- 
mined that at 800°C 
DCoCo  (a)   = -1--44 x 10~12 cm2/sec 
Di-™-       (a)   = 2.43 x 10    cnr/sec. NlNl 
Substituting in eq. 8a 
j£o +        = 1.44 x 10~12 x 2.6 - 2.5 
= 0.096 x 10" 
1.5 x 10 
.-9 
Substituting the values obtained into equation 14 
dCCo -9 0.35 —^- =  0.096 x 10 ydt 
d
^Co   = 2.7 x 10"10 cm./sec. 
dt 
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Using the same 'logic it was calculated that at a tie- 
line position below the tie-line through the bulk composi- 
tion 
d?Ni   c _   1A-10    , ■fl. - = 5.5 x 10    cm./sec. 
As d£ /dt is approximately one-half d^./dt when the 
initial tie-line is below the tie-line through bulk-compo- 
sition the conditions for growth are not met. 
For a tie-line passing through the bulk composition 
d£  /dt was computed to be 3.89 x 10    cm/sec and dE,    ./dt 
was computed to be 5.4 x 10    cm/sec. dE,    ./dt   is still 
larger than dE,     /dt and no growth can occur. 
For a position of the tie-line above the tie-line 
through bulk composition dE,     /dt was computed to be 6 x 10 
cm/sec and dE,   ./dt  was computed to be 5.3 x 10    cm/sec. 
It is observed that as the tie-line moved upwards there is 
not much change in d^ ./dt (the value decreases very 
slightly).  However, moving up the tie-line increases 
d£~ /dt and the initial tie-along which satisfies condi- 
tions for growth is the one for which d£  /dt = dE,   . /dt. 
Thus it is possible that, during the period of growth prior 
to or during the impingement of diffusion fields from ad- 
jacent precipitates, the interface tie-line may shift from 
the tie-line (ETL) through the bulk composition.  As im- 
Ni   ,   Co .    , Ni , . pmgement commences —~  and —^  in a decrease,   -,  (a) dX a X Qt 
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and  ^Co (a) are lowered and the tie-line moves towards 
lower Co contents.  Equations 14, 15 and 16 still apply to 
growth.  Finally, at equilibrium, no more growth of y  would 
occur, the interface tie-line would be coincident with the 
ETL and the diffusion gradients J... +, J^. —, J^|  + , and 
^ NiC    Ni£    C05 
Jp  — would disappear. 
In summary, the movement of the initial tie-line to a 
position above the ETL increases df^o/dt but does not 
cause a large change in the value of d?N-/dt.  It can be 
said that the addition of Co to Fe-Ni alloys, lowers the 
growth rate of y-precipitates.  This is consistent with the 
Fe Fe fact that D_, _  (a) is smaller than D.T. .T. (a). CoCo NiNi 
C. Effect of the Addition of Co to Fe-Ni alloys: 
Vertical sections of the ternary diagram (for con- 
stant Co contents) are presented in Fig. 24.  These vertical 
sections cannot be used to obtain the tie-line composi- 
47 tions. 
The plots illustrate the effect that the addition of 
Co has on phase relationships in the Fe-Ni system.  Both 
the a/fc + y)and the (a + Y)/Y  phase boundaries are shifted 
to higher Ni-contents.  If an alloy is cooled from the y 
into the (a + y) regions, addition of Co helps nucleate 
a  at a higher temperature.  Furthermore, although a does 
42 
not nucleate in Fe-Ni alloys cooled at laboratory rates 
the addition of Co facilitates the nucleation of a under 
laboratory conditions. 
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Fig. 24.  Vertical sections of the ternary diagram. 
Sections at 2.5, 5 and 7.5% Co are presented, 
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The effect of the addition of Co to Fe-Ni alloys is 
similar to the effect of the addition of Co to Fe-C al- 
loys.  Both the (a + Y)/Y boundary and the M  temperature 
are raised to a higher temperature by the addition of Co. 
The addition of Co to Fe-C alloys also helps nucleate a 
by shifting the T-T-T curve to the right. 
D. Errors in phase diagram determination: 
The a values determined by the analysis of the y 
precipitates of Structure B are in good agreement with the 
values determined by the analysis of a precipitates of 
Structure A.  However, the Y values determined by the 
analysis of the a-precipitates of Structure A were not in 
agreement with the y-values determined by the analysis of 
the y-p^ecipitates of Structure B.  Assuming that the 
13 14 interface of a growing precipitate is at equilibrium  ' 
the following causes could be responsible for the differ- 
ence in the measurements of the y phase.  Sharp diffusion 
gradients exist at the boundary of a precipitates (Fig. 
15).  The size of the probe electron beam is finite (about 
1 y) and there is an averaging effect when measurements 
are made at the boundary.  This effect combined with the 
sharp diffusion gradients leads to a low Ni value, a high 
Co value and consequently an imprecise analysis of boundary 
composition. 
There is also the problem that x-rays as generated in 
the sample do not emerge through the material of the same 
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composition as the material they are generated in.  The 
ZAF models employed to convert probe data into composi- 
tion are developed under the assumption that the x-rays 
emerge from material of the same composition.  This ef- 
fect may lead to inaccuracies but the high take-off angle 
of the EMPA (52.5°) minimizes this effect.  The fact that 
the samples subjected to probe analysis were not abso- 
lutely flat is also likely to cause some error in the 
measurement of boundary composition. 
The accuracy of the phase composition measurement 
is also dependent on the analytical sensitivity of the 
probe data.  Expressions have been worked out for the ana- 
lytical sensitivity of microprobe measurements.  The ana- 
lytical sensitivity for a 95% degree of confidence can, 
according to Ziebold, be approximated by 
AC = C - C >. 2'33 Cgc 22 
/n"  (N-NB) 
where C is the composition of the element of interest in 
the sample being analyzed, N and ND are the average num- 
ber of x-ray counts of the element of interest for the 
sample and the continuous background on the sample re- 
spectively, n is the number of evaluations and a  is the 
standard deviation of the x-ray counts. 
The above equation represents an estimate of the 
maximum sensitivity that can be achieved when signals 
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from both compositions have their own error but instru- 
mental errors are disregarded.  Since the actual standard 
deviation, Sc, is usually about two times larger than 
a   , Ac is in practice twice that given by the above equa- 
tion. 
If N is much larger than N , the above equation can 
be rewritten as 
2 3 3C AC =  C - C1 >, _ 23 
/n N 
and the analytical sensitivity in percent that can be 
achieved as 
AC /0.  _   2.33 x 100 n. 
c /n~W 
In this study the analytical sensitivity was better 
than 0.15 wt.% Ni or Co.  In order to achieve this the 
average number of counts varied from 5,000 to 70,000 for 
Co and from  5,000 to 140,000  for Ni. 
Given the presence of the above mentioned sources of 
error it was decided (i) to average the values obtained 
from microprobe analysis (Appendix A) and (ii) to plot 
the phase diagram using these averages (Table 6).  The 
spread in the values presented in Table 6 can thus be con- 
sidered to be the error of determination. 
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E. Comparison with other Fe-Ni-Co diagrams 
49 50 Kaufman and Nesor  '   have computed isothermal 
sections of various ternary diagrams using "previously 
defined, explicit thermochemical formulations of the 
49 lattice stability, solution and compound parameters" 
derived for pure metals and binary systems.  They have 
computed the tie-lines and phase boundaries of the Fe- 
Ni-Co ternary at 800°C and 600°C.  Fig. 25 presents a 
comparison of the results of Kaufman and Nesor, Koster 
and Haehl and the data of this study at 800°C. 
Kbster and Haehl did not study any alloy with less 
than 10 wt.% Co and their results in this region are ex- 
20 trapolated.  Also, Koster et al.   did not determine any 
tie-lines.  Koster et al. determined the position of the 
phase boundaries by utilizing the principles of metal- 
lographic analysis.  Groups of alloys were heated and 
subsequently their structure studied with a light micro- 
scope.  The phase boundary lies between the composition 
of an alloy which exhibits a single phase structure and 
an adjoining alloy that has a two phase structure.  The 
accuracy of this method is limited by the composition dif- 
ferences between the single phase alloy and the adjoin- 
ing two phase alloy. 
49 Kaufman and Nesor  have emphasized that their re- 
sults are "not meant to be a replacement for experimental 
studies." It can, however, be observed (Fig. 25) that their 
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800° C 
THIS   STUDY 
KAUFMAN-NES0R 
KOSTER - HAEHL 
Fig. 25.  Comparison of the 800 C isotherm of the Fe-Ni-Co 
diagram of (i) Kaufman and Nesor49 (ii) Koster 
and Haehl20 (iii) this study. 
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80 0 C isothermal section is in good agreement with the 
results of this study. 
Fig.' 26 compares the results of this study extrapolat- 
ed to 600 C (Fe-Ni values are the experimentally deter- 
22 
mined values from Goldstein and Ogilvie  .) to the com- 
49      •• 20 puted values of Kaufman et al   and Koster et al.    It 
can be observed that while the shapes of the Kaufman et 
al diagram and the diagram plotted using the extrapolated 
values of this study are in good agreement the phase 
boundary values are not in good agreement.  The computed 
Fe-Ni binary values of Kaufman et al are not in agreement 
with the experimentally determined Fe-Ni values of Gold- 
22 
stexn and Ogilvie. 
100 
600 °C 
— THIS STUDY 
— KAUFMAN-NES0R 
 KOSTER-HAEHL 
100 Ft    o 
Fig.   26 Comparison of the 600 C isotherm of the Fe-Ni-Co 
diagram of (i) Kaufman and Nesor49 (ii) Koster 
and Haehl20 (iii) the extrapolated values of this 
study—(Fe-Ni values are the experimentally 
determined values of Goldstein and Ogilvie.22) 
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APPENDIX A 
This Appendix summarizes the results of the probe 
analysis of all the heat-treated samples studied.  The 
Appendix lists the number of the alloy,  its bulk compo- 
sition, the heat-treatment and the microstructure ob- 
tained.  The type of precipitate analyzed is listed and 
so is the composition of the precipitate.  The minimum 
cobalt-maximum nickel values obtained at the boundary of 
alpha precipitates and the maximum cobalt/minimum nickel 
values obtained at the boundary of gamma precipitates are 
also listed under the heading of boundary composition. 
An effort was made to determine the composition of the 
right hand side and left-hand side boundary of the preci- 
pitates studied and the table lists the values obtained 
at both boundaries (Boundary 1, Boundary 2). 
Boundary 2 
i     / 
Boundary 1- 
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APPENDIX  A 
800°C Alloys 
Values 
in ppte. Boundary 1 Boundary 2 
Alloy Ppte. No. Co Ni Co Ni Co Ni 
7 Heated 1 (Y-ppte.) — 3.6 — 1.7 __ 1.7 
Structure B 2 (Y-ppte.) — 3.7 -- 1.7 __ 1.7 
3 (Y-ppte.) — 3.7 — 1.7   1.8 
Compn. Co  Ni SCAN — 3.7 — 1.7 — _ 1.7 
--  2.5% (Y-ppte.) 
29 Heated 1 (Y-ppte.) 2.4 4.1 2.8 1.9 2.8 2.0 
Structure B 2 (Y-ppte.) 2.3 4.4 2.7 2.0 2.7 1.9 
3 (Y-ppte.) 2.4 4.3 2.8 2.0 2.8 2.0 
Compn. Co  Ni SCAN 2.3 4.3 2.7 1.9 2.8 1.9 
2.5% 2.7% (Y-ppte.) 
29 Cooled 1 (a-ppte.) 2.6 1.9 2.4 3.1 2.3 3.6 
2(a-ppte.) 2.7 1.9 2.3 3.4 2.5 2.9 
Structure A 3(a-ppte.) 2.7 1.9 2.4 3.1 2.3 3.6 
Compn. Co  Ni SCAN 2.7 1.9 2.3 3.5 2.4 3.1 
2.5% 2.7% (a-ppte.) 
29 Cooled 1(Y-ppte.) 2.2 4.4 2.7 2.0 2.7 2.0 
2(Y-ppte.) 2.3 4.4 2.8 1.9 2.7 2.0 
Structure C 3(a-ppte.) 2.7 2.0 2.6 2.0 2.3 3.8 
Compn. Co  Ni 4(a-ppte.) 2.7 1.9 2.3 3.6 __ 
2.5% 2.7% 
30 Heated 1(Y-ppte.) 4.4 5.3 5.7 2.2 5.6 2.3 
Structure B 2(Y-ppte.) 4.5 4.9 5.8 2.2 5.5 2.2 
3(Y-ppte.) 4.4 4.8 5.7 2.3 5.4 2.2 
Compn. Co.  Ni SCAN 4.2 4.9 5.7 2.3 5.3 2.2 
5.0% 3.8% (Y-ppte.) 
30 Cooled 1(a-ppte.) 5.3 2.3 4.6 3.9 4.4 3.8 
Structure A 2(a-ppte.) 5.4 2.3 4.9 3.9 4.5 3.8 
3(a-ppte.) 5.7 2.4 4.6 4.6 __ — _ 
Compn. Co.  Ni SCAN 5.6 2.3 4.5 4.4 4.7 3.8 
5.0% 3.8% (a-ppte.) 
30 Cooled 1(Y-ppte.) 4.1 5.5 5.4 2.2 
Structure C 2 (Y-ppte.) 4.2 5.2 5.4 2.2 5.3 2.2 
3 (Y-ppte.) 4.1 5.1 5.3 2.3 4.8 2.2 
Compn. Co  Ni SCAN 4.0 5.0 5.4 2.3 4.9 2.2 
5.0% 3.8% (Y-ppte.) 
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APPENDIX A (continued) 
800°C Alloys (continued) 
Values 
in ppte. Boundary 1 Boundary 2 
Alloy Ppte. No. Co 
6.6 
Ni 
6.6 
Co 
8.8 
Ni 
2.8 
Co 
8.8 
Ni 
31 Heated 1 (y -ppte.) 2.9 
Structure B 2 (y -ppte.) 6.6 6.5 '8.7 2.9 8.8 2.8 
<L. 3 (y -ppte.) 6.6 6.6 8.7 2.8 8.8 2.8 
Compn. Co  Ni SCAN 6.6 6.6 8.7 2.8 8.7 2.8 
7.6% 6.5% (y-ppte.) 
31 Cooled 1 (a-ppte.) 8.8 2.8 7.6 4.7 7.6 4.7 
Structure A 2 (a-ppte.) 8.8 2.9 6.7 6.0 7.3 4.9 
3 (a-ppte.) 8.9 2.8 7.0 5.6 7.7 4.8 
Compn. Co  Ni SCAN 8.9 2.9 7.2 5.3 7.0 5.5 
7.6% 6.5% (a-ppte.) 
32 Heated 1 (y-ppte.) 8.5 7.4 11.4 3.2 9.8 5.4 
Structure B 2 (y-ppte.) 8.7 7.4 11.4 3.2 11.5 3.2 
3 (y-ppte.) 8.3 8.2 11.2 3.2 11.3 3.2 
Compn. Co  Ni 4 (y-ppte.) 8.4 7.8 
9.7% 5.0% SCAN 
(y-ppte.) 
8.1 7.6 10.7 3.6 11.0 3.2 
32 Cooled Ka-ppte.) 11.2 3.2 8.4 7.1 9.4 5.7 
Structure A 2 (a-ppte.) 11.2 3.2 8.6 6.6 9.5 5.0 
3 (a-ppte.) 11.2 3.3 8.4 7.0 8.6 6.7 
Compn.Co  Ni SCAN 11.1 3.2 8.3 7.0 9.0 5.6 
9.7% 5.0% (a-ppte.) 
750°C Alloys 
18 Heated 1 (y-ppte.) 2.1 6.4 2.9 2.9 2.9 2.9 
Structure B 2 (y-ppte.) 2.0 7.0 2.9 2.9 2.8 3.2 
3 (y-ppte.) 2.1 6.9 2.9 2.9 2.9 2.9 
Compn. Co  Ni SCAN 2.1 6.9 2.9 2.9 2.9 2.9 
2.5% 5.0% (y-ppte.) 
18 Cooled 1 (a-ppte.) 3.0 3.1 2.4 5.0 2.4 5.3 
Structure A 2 (a-ppte.) 3.0 3.1 2.5 5.1 2.5 5.0 
3 (a-ppte.) 3.0 3.1 2.4 5.1 2.5 4.9 
Compn. Co  Ni SCAN 2.9 3.1 2.4 5.0 2.4 4.9 
2.5% 5.0% (a-ppte.) 
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APPENDIX A (continued) 
750°C Alloys (continued) 
Alloy 
33 Heated 
Structure B 
Compn. Co  Ni 
5.0% 5.5% 
33 Cooled 
Structure A 
Compn.Co  Ni 
5.0% 5.5% 
33 Cooled 
Structure C 
Compn. Co  Ni 
5.0% 5.5% 
34 Heated 
Structure B 
Compn. Co  Ni 
7.5% 6.4% 
34 Cooled 
Structure A 
Compn. Co  Ni 
7.5% 6.4% 
34 Cooled 
Structure C 
Compn. Co  Ni 
7.5% 6.4% 
35 Heated 
Structure B 
Compn. Co  Ni 
10.0% 6.7% 
Ppte. No. 
1 (Y-ppte. 
2 (Y-ppte 
3 (Y-ppte, 
SCAN 
(Y-ppte, 
l(a-ppte, 
2(a-ppte. 
3 (a-ppte, 
SCAN 
(a-ppte. 
1 (Y-PPte. 
2 (Y-ppte. 
3 (Y-PPte. 
SCAN 
(a-ppte. 
1 (Y-PPte. 
2 (Y-ppte. 
3 (Y-ppte. 
1(a-ppte. 
2 (a-ppte. 
SCAN 
(a-ppte. 
1 (Y-ppte. 
2 (Y-ppte. 
3 (a-ppte. 
SCAN 
(Y-PPte. 
1 (Y-ppte. 
2 (Y-PPte. 
3 (Y-PPte. 
SCAN 
(Y-PPte.) 
Values 
in ppte. Boundary 1 Boundary 2 
Co Ni Co Ni Co Ni 
4.2 7.8 5.8 3.5 5.9 3.5 
4.1 8.2 5.8 3.5 5.9 3.5 
4.1 8.3 5.8 3.5 5.9 3.5 
4.1 8.2 5.8 3.4 — — — 
5.9 3.7 5.0 5.5 4.9 5.6 
5.9 3.6 5.1 5.9 5.0 5.8 
5.8 3.6 4.1 7.8 5.0 5.5 
6.0 3.6 4.7 6.8 5.0 5.8 
3.8 8.9 5.6 3.9 5.5 4.1 
3.9 9.1 5.6' 3.8 5.5 4.0 
3.9 8.9 5.5 4.0 5.5 3.9 
5.6 4.2 4.9 5.5 4.0 8.2 
5.8 10.4 
6.1 10.3 8.7 4.0 6.6 8.8 
5.9 9.3 8.3 4.1 8.5 4.2 
9.1 4.2 
9.2 4.1 
9.2  4.2 
5.6 10.4 
5.8  8.1 
8.6 4.2 
5.7 10.3 
7.5 11.4 
7.7 11.5 
7.6 11.6 
7.6 11.2 
7.6 
7.5 
7.2 
8.2 
8.4 
6.0 
8.0 
11.2 
11.4 
11.4 
11.2 
6.9 
6.8 
7.7 
4.3 
4.1 
10.1 
4.6 
4.4 
4.5 
4.4 
4.4 
6.4 
7.7 
7.7 
8.3 
8.4 
6.3 
11.0 
11.2 
11.1 
11.0 
9.0 
6.7 
6.9 
4.3 
4.3 
9.2 
4.3 
4.5 
4.5 
4.4 
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750°C Alloys (continued) 
Values 
in ppte. Boundary 1 Boundary 2 
Alloy Ppte. No. Co Ni Co Ni Co Ni 
35 Cooled 1(a-ppte.) 10.1 6.8 8.0 10.4 9.2 8.4 
Structure A 2(a-ppte.) 11.6 4.4 9.0 8.6 9.9 7.2 
3(a-ppte.) 11.7 4.5 8.7 9.4 10.1 7.0 
Compn. Co  Ni SCAN 11.7 4.5 9.8 7.7 10.1 7.1 
10.0% 6.7% (a-ppte.) 
35 Cooled 1(Y-ppte.) 7.8 11.7 11.2 4.9 11.0 4.8 
Structure C 2 (Y-ppte.) 7.8 12.3 10.9 5.5 11.3 5.0 
3 (Y-ppte.) 7.8 12.2 11.4 4.6 11.5 4.6 
Compn. Co  Ni 4(y-ppte.) 11.5 4.6 9.6 7.4 10.0 7.2 
10.0% 6.7% 
700°C Alloys 
36 Heated 1 (Y-ppte.) — 9.9 — 4.3" — 4.3 
Structure B SCAN 
(Y-ppte.) 
"" "~ 9.9 "■""" 4.3 —— 4.4 
Compn.Co  Ni SCAN 
(y-ppte.) 
9.8 
"' 
4.4 —— 4.4 
—  4.9% 2(Y-ppte.) — — 9.9 — 4.1 — 4.8 
4 Heated 1(Y-ppte.) 1.3 10.4 2.2 4.2 2.1 4.6 
Structure B 2(Y-ppte.) 1.3 10.8 2.1 4.4 2.1 4.4 
Compn.Co  Ni SCAN 
(Y-ppte.) 
1.4 9.6 2.1 4.2 2.1 4.2 
1.8% 6.6% SCAN 
(Y-ppte.) 
1.3 10.2 2.1 4.3 2.1 4.7 
14 Heated 1 (Y-ppte.) 3.6 13.1 5.8 5.1 5.8 5.2 
Structure B 2 (Y-ppte.) 3.6 13.4 6.0 5.0 6.0 5.0 
3 (Y-ppte.) 3.6 13.5 5.8 5.1 5.8 5.1 
Compn.Co  Ni SCAN 3.4 14.0 5.7 5.8 ■ 5.7. 5.8 
5.1% 7.3% (Y-ppte.) 
14 Cooled 1(a-ppte.] 5.9 4.8 4.1 10.1 4.1 10.1 
Structure A 2(a-ppte.; 6.0 4.9 4.1 10.7 5.1 7.5 
3(a-ppte.) 6.0 4.8 3.9 10*9 4.4 9.8 
Compn. Co  Ni SCAN 6.1 4.8 3.5 12.1 — — 
5.1% 7.3% (a-ppte.) 
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APPENDIX A (continued) 
700°C Alloys (continued) 
Values 
xin Ppte. Boundary 1 Boundary 2 
Alloys Ppte. No. Co 
5.3 
Ni 
14.7 
Co 
8.6 
Ni 
5.4 
Co 
8.5 
Ni 
15 Heated 1 (y-ppte.) 5.7 
Structure B 2(y-ppte.) 5.1 15.5 8.3 5.4 8.2 5.7 
3(Y-ppte.) 5.4 15.2 8.6 5.3 8.7 5.3 
Compn. Co  Ni SCAN 5.2 16.0 8.4 5.6 8.4 5.8 
7.5% 8.6% (Y-ppte.) 
15 Cooled 1(a-ppte.) 9.0 5.1 6.4 10.9 7.5 8.5 
Structure A 2 (a-ppte.) 9.0 5.2 7.5 8.5 7.6 8.6 
3(a-ppte.) 8.9 5.1 7.3 8.4 5.6 12.6 
Compn. Co  Ni SCAN 8.7 5.5 7.4 8.7 5.7 13.1 
7.5% 8.6% (a-ppte.) 
16 Heated 1 (Y-ppte.) 6.7 17.6 11.4 5.9 10.6 7.0 
Structure B 2 (Y-ppte.) 6.7 16.6 11.0 5.8 11.0 6.3 
Compn.Co  Ni 3 (Y-ppte.) 6.6 17.3 11.1 5.8 — — 
10.0% 8.5% SCAN 
(Y-ppte.) 
6.7 16.4 11.0 5.7 10.8 6.1 
SCAN 6.4 17.2 9.8 9.4 10.8 6.2 
(Y-ppte.) 
16 Cooled 1(a-ppte.) 11.4 5.5 9.7 8.8 9.7 8.4 
Structure A 2(a-ppte.) 113. 5.6 9.8 8.5 8.5 11.5 
Compn.Co  Ni SCAN 11.2 5.9 — — 6.7 15.2 
10.0% 8.5% (a-ppte.) 
13 Heated 1(a-ppte.) 14.3 6.9 8.6 18.2 — — 
Structure D 2(a-ppte.) 14.7 6.1 8.5 18.3 8.5 18.3 
3 (a-ppte.) 14.5 6.1 8.4 18.1 8.4 17.7 
Compn. Co  Ni SCAN 14.5 6.0 8.4 17.9 8.4 18.2 
10.1% 14.3% (a-ppte.) 
13 Cooled 1(a-ppte.) 15.1 5.9 9.0 17.7 9.3 17.1 
Structure A 2(a-ppte.) 15.2 6.0 9.8 16.4 10.2 15.4 
3(a-ppte.) 15.0 6.0 10.2 15.5 9.1 17.5 
Compn. Co  Ni 4(a-ppte.) 14.8 6.0 9.9 15.5 10.0 15.4 
10.1% 14,3% SCAN 
(a-ppte.) 
15.2 6.0 9.1 17.1 9.0 17.2 
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APPENDIX A   (continued) 
650°C Alloys 
Values 
in ppte. Boundary 1 Boundary 2 
Alloys Ppte. No. Co Ni 
14.3 
Co Ni 
5.5 
Co Ni 
26 Heated 1(y-ppte.) 7.0 
Structure B 2 (y-ppte.) — 14.1 — 5.6 — 5.5 
3 (y-ppte.) — 14.7 — 5.6 — 5.6 
Compn. Co  Ni SCAN — 14.3 — 5.7 — 5.3 
—  8.3% (y-ppte.) 
9 Heated 1(Y-ppte.) 1.5 15.5 2.8 5.3 __ _ „, 
Structure B 2(y-ppte.) 1.5 16.1 3.0 5.9 3.1 5.4 
Compn. Co  Ni 3(y-ppte.) 1.6 15.5 3.1 5.8 3.0 5.6 
2.4% 10.1% 
9 Cooled l(a-ppte.) 3.2 5.7 1.5 16.0 2.4 10.1 
Structure 2(a-ppte.) 3.1 5.7 1.6 15.8 2.4 10.3 
3(a-ppte.) 3.1 5.6 1.7 14.5 2.6 10.2 
Compn. Co  Ni SCAN 3.2 5.5 1.6 15.3 — __ 
2.4% 10.1% (a-ppte.) 
10 Heated 1(Y-ppte.) 3.3 17.4 5.3 8.8 5.3 7.7 
Structure B 2(Y-ppte.) 3.3 17.3 6.4 6.0 6.3 6.3 
Compn. Co  Ni 3 (y-ppte.) 3.4 17.1 5.7 7.1 5.2 9.7 
4.8% 10.0% 
10 Cooled 1(a-ppte.) 6.3 5.9 3.2 17.1 __ 
Structure A 2(a-ppte.) 6.2 5.9 4.9 10.4 3.6 15.8 
3(a-ppte.) 6.3 6.0 3.1 17.3 5.0 10.3 
Compn. Co  Ni SCAN 6.3 5.9 3.1 17.4 4.9 10.5 
4.8% 10.0% (a-ppte.) 
11 Heated 1(Y-ppte.) 4.6 18.4 9.0 6.6 8.9 6.0 
Structure B 2(y-ppte.) 4.7 19.4 8.3 8.1 8.8 6.5 
Compn. Co  Ni 3(y-ppte.) 4.5 19.3 9.5 6.3 9.0 6.3 
7.5% 9.9% 4(y-ppte.) 4.8 18.9 8.6 6.9 8.5 6.3 
11 Cooled 1(y-ppte.) 4.4 20.6 8.6 6.6 
Structure C 2(y-ppte.) 4.6 19.9 8.8 6.4 8.8 6.2 
3(y-ppte.) 4.5 20.3 8.3 7.3 8.4 6.4 
Compn. Co  Ni SCAN 4.4 19.9 8.9 6.1 8.6 6.1 
7.5% 9.9% (Y-ppte.) 
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650°C Alloys (continued) 
Values 
in ppte. Boundary 1 Boundary 2 
Alloy Ppte No. Co   Ni Co Ni Co Ni 
27 Heated l(Y-ppte.) 6.2 21.2 11.6 6.8 11.4 6.9 
Structure B 2(y-ppte.) 5.8 21.0 11.2 6.6 10.8 7.0 
Compn. Co   Ni 3(Y~PPte.) 5.9 22.1 11.1 6.8 11.8 6.9 
9.6% 10.0% 4 (y-ppte.) 6.0 21.5 11.1 7.0 11.2 6.6 
28 Heated l(Y-ppte.) 6.7 23.0 11.4 11.1 12.7 7.1 
Structure B 2(Y-ppte.) 7.0 23.3 11.7 11.7 13.2 8.1 
Compn. Co  Ni 3(Y-ppte.) 7.3 22.5 13.1 8.3 11.9 11.6 
10.0% 14.7% Readings in 
Alpha 
13.4  7.1 — - — — — 
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